ABSTRACT: The electrochemical CO 2 reduction reaction (CO 2 RR) is a promising route for converting CO 2 and excess renewable energy into valuable chemicals and synthetic fuels. Recently, carbon-based solid materials containing dopant-levels of transition metal and nitrogen (M−N−C) have emerged as a costeffective, energy-efficient catalyst for the direct coreduction of CO 2 and H 2 O to CO. Fe−N−C catalysts are particularly interesting as they can reduce CO further to hydrocarbons. Despite these promising reports, the influence of the reaction conditions on the catalytic performance of Fe−N−C catalysts has not been addressed. Here, we study the role of the electrolyte on the CO 2 RR selectivity. Unlike hydrogen or methane generation, catalytic CO production is independent of the electrolyte pH on the normal hydrogen electrode potential scale, suggesting a decoupled elementary proton−electron transfer mechanism for CO formation. The similarity between this heterogeneous charge-transfer reaction mechanism and that of molecular metal−nitrogen porphyrin-type macrocyclic complexes strongly suggests that the carbon-embedded FeN x motifs of the solid-state electrocatalyst act as the primary catalytically active center and illustrates yet another example of unifying concepts between molecular and solid-state catalysis.
T he direct electrochemical CO 2 reduction reaction (CO 2 RR) to fuels and chemicals has attracted attention, given its potential use for the direct conversion of CO 2 into valuable carbon-based products using renewable energies as a driving force. 1 The technological viability of this process, however, relies on finding the optimal catalyst and reaction conditions for the process to be selective and energy efficient. 2, 3 Studies on different catalysts materials, mainly metals, have shown that the product distribution during CO 2 RR is greatly affected by the cathode material. 4, 5 In particular, Cu has been found to be an interesting material on which CO 2 is directly reduced to alcohols and hydrocarbons. 6, 7 Therefore, many studies have been carried out using Cu catalysts showing that the reaction conditions (electrolyte and working potential) as well as the morphology and pretreatment of the surface affect the energy efficiency and the selectivity of the process. 8−11 Furthermore, despite copper's ability to produce hydrocarbons, the reaction takes place at high overpotentials, producing a complex mixture of products.
Most of the energy losses from hydrocarbon production are attributed to the complexity of the reaction that requires multiple proton−electron transfer steps. By contrast, the electroreduction of CO 2 to CO requires only the transfer of two electrons and two protons, which makes it a substantially less hindered process. In fact, CO 2 can be reduced into CO at low overpotential on different metals, such as Ag, 12 Au, 13, 14 and bimetallic catalysts. 15, 16 The formation of CO, however, is accompanied by hydrogen evolution reaction (HER), which makes the selectivity one of the major challenges for producing pure CO streams to be used as chemical precursors. Furthermore, earth-abundant catalyst materials are desired as low-cost alternatives to these metallic catalysts.
Molecular catalysts based on metal porphyrins are known to be active catalysts for CO 2 RR to CO, 17 and so are heterogeneous catalyst containing metal−N x centers such metal−organic frameworks (MOFs) 18 and immobilized metal-N complexes. 19, 20 Recently, solid metal−nitrogen doped carbon materials (M−N−C) have been shown to be promising lowcost catalysts for the CO 2 RR, because they can efficiently produce CO at low overpotentials. 21−25 The high selectivity toward the CO 2 RR of these solid catalysts has been attributed to the presence of insolated active sites on which the competitive HER is suppressed. 25, 26 Among the different metal centers that can can be incorporated to the carbon structure, iron is particularly intersting, as it can reduce CO 2 to CO at low overpotentials, reaching 80% efficiency at −0.6 V RHE. 21, 23, 24 Furthermore, the Fe centers can bind CO strong enough to further reduce it to methane. 21, 24 In addition to the catalyst material, the pH and local pH are known to affect the selectivity of the reaction. 27, 28 To date, however, no study has investigated the effect of the experimental parameters other than the applied electrode potential on the performance of Fe−N−C catalysts. Here, we fill that gap and study the effect of the pH on CO 2 RR selectivity to understand the role of proton concentration on the catalytic process. We find that while H 2 and CH 4 production depend on the pH on the normal hydrogen electrode (NHE) scale, CO production is independent of pH. These results, suggest a decoupled proton electron transfer (DPET) as a rate-limiting step for CO production. In addition, the different effect of pH in HER and CO 2 RR to CO offers an opportunity to tune the CO/H 2 ratio via the electrolyte's pH.
For this study we synthesized an iron-and nitrogencontaining (<2 and <5 wt %, respectively) high surface area carbon, starting from FeCl 3 , polyaniline (PANI), Ketjenblack carbon powder, and cyanamide as a secondary N precursor. 29−32 Following previously published recipes, we performed thermal annealing of the precursor to obtain the final Fe−N−C with catalytically active Fe−N x porphyrin-like moieties. 21, 24 The final composition of the obtained material is shown in Table S1 , while Figure S1 presents the X-ray powder diffraction pattern. The pattern reveals broad Bragg peak reflections characteristic for graphitized, partially ordered carbon. Crystalline inorganic contaminants such as FeS x or FeC x are absent. XRD and Compositional analysis suggest a partially graphitized/partially amorphous carbon material where N and Fe have been incorporated. The presence of the catalytically active nitrogen coordinated Fe ion centers was confirmed by X-ray photoemission spectroscopy and Mossbauer spectroscopy in our earlier report. 32 We focused on the role of the bulk proton concentration on the chemical selectivity of the CO 2 RR by performing CO 2 electrolysis at different pH values (between 1 and 7.25) using CO 2 -saturated 0.1 M HClO 4 and different phosphate and bicarbonate electrolytes. After 15 min of electrolysis at constant potential, the gaseous products (CO, H 2 , and CH 4 ) were quantified using online gas chromatography. Figure 1 shows the absolute molar formation rate of these three products, as a function of applied potential, while the Faradaic efficiency is shown in Figure 2 .
The HER and Methane Formation. Data in Figure 1a suggest that the HER was strongly favored in acidic pH, resulting in a more than 10 times higher H 2 production rate in acidic electrolytes than in neutral conditions. However, given the high current densities of the electrolysis experiments, the trends on HER do not directly correspond to the bulk pH but rather to the local interfacial pH. 27, 33, 34 For example, if we look at the two KHCO 3 electrolytes (0.1 M pH 6.8 and 0.3 M pH 7.25), we observe lower H 2 production rate on the low-concentration bicarbonate in comparison with the 0.3 M KHCO 3 , which is inconsistent with its lower bulk pH. To understand this behavior, we need to consider the electrolyte's buffer capacity; 0.1 M KHCO 3 is a weaker buffer than 0.3 M KHCO 3. As a result, the consumption of protons during the reaction will cause a more dramatic increase on the local pH in lowconcentration bicarbonate inhibiting HER. The exact pH value at the interface, however, also depends on the reduction current; therefore, it would be different for each reaction point. For this reason, we report our results on the NHE scale instead of on the reversible hydrogen electrode (RHE) scale.
Consistent with our previous work, we observe CH 4 as a minor reaction product. 21 Interestingly, Figure 1c shows that both the onset potential for CH 4 formation as well as the production rate can be tuned by the electrolyte's pH. Similar to that for the HER, there is a pH dependence of CH 4 production (Figure 1c ), suggesting that protons take part in the ratedetermining step of the methane formation. As a general trend, we can say that a low pH favors methane production. However, when the reaction is run in a strongly acidic environment, HER becomes the dominant process and only small amounts of methane are produced. Within the studied pH range, pH 2 exhibits the highest methane formation rates. Importantly, we started detecting CH 4 at an electrode potential as high as −0.66 V NHE (corresponding to −0.54 V RHE ), which represents a considerably lower overpotential than those observed on metal catalysts and on Fe−N−C in 0.1 M KHCO 3 . 4, 7 The Faradaic efficiency shown in Figure 2 , however, remains lower than 1% because of the high H 2 formation rate.
Interestingly, the pH does not seem to be the only parameter controlling CH 4 formation. Indeed, Figure 1c suggests that the anion also plays a mechanistic role. We observe that molar CH 4 formation is higher in phosphate-containing electrolytes than in bicarbonate ones. Within the phosphate electrolytes we observe the methane formation rates decrease with pH (0. While anion adsorption could be the reason behind the different CH 4 selectivity between electrolytes, it is also important to point out that on these single-site catalysts phosphate cannot bind via the three (or two) oxygen atoms of PO 3 * (HPO 4 *). Consequently we hypothesized that it does not bind as strongly as on metal catalysts, having a less important role on the catalytic activity Fe−N−C materials. Furthermore, no effect of the anion is observed on the CO, indicating that phosphate adsorption does not play an important role in the catalytic process on FeN x moieties. The exact role of the anion, however, is beyond the scope of this work, yet it represents another opportunity to tune the selectivity of this class of materials to enhance the production of methane.
CO Formation. We now turn our attention to the pHdependent CO 2 reduction to CO shown in Figures 1b and 2b . Strikingly, the relation between the molar CO formation rate and the applied electrode potential appears largely independent of the pH on the NHE scale, reflected by the fact that the formation rate−potential relations fall on the same curve for all studied electrolyte pH values. Consistently, the onset potential for CO production (defined here as the electrode potential at which the CO production rate reaches 10 nmol cm
) was −0.9 V NHE , independent of pH ( Figure 3a) . Furthermore, if we observe the production rate of the three main products as a function of pH (Figure 3b ) at −0.9 V NHE , it is evident that contrary to the CO formation, the production of CH 4 and H 2 formation show the characteristic Nernstian pH dependence.
The observed pH independence for CO formation on Fe− N−C opens the possibility of simply controlling the H 2 /CO ratio by choosing a suitable electrolyte. Neutral electrolytes with a low buffer capacity will suppress H 2 formation resulting in a high CO selectivity as observed for the 0.1 M KHCO 3 ( Figure 2 ). By contrast, acidic electrolytes or strong buffers will favor HER, lowering the CO selectivity.
Furthermore, the pH dependence on the NHE scale observed for CH 4 formation is consistent with a rate-limiting step involving a coupled proton−electron transfer as has been proposed for both Cu and on MNC catalysts in which CO protonation is considered the rate-limiting step. 26, 35 Consis- tently, the reduction of CO to CH 4 is also favored on acidic pH ( Figure S2 ). By contrast, the CO pH independence suggests a decoupled electron−proton transfer process (DEPT), as observed by Koper and co-workers on immobilized Co-proto-porphyrin catalysts. According to their study, the CO 2 reduction to CO becomes dominant at higher pH, indicating the involvement of an intermediate that can be formed at any pH. 19 They postulated CO 2 reduction to CO goes through the formation of the [Co(P)−(CO 2 )] − intermediate. Consistently, density function studies by Shen et al. 36 and Leung et al. 37 have shown that the CO 2 RR on Co(II)−N−C complexes occurs via a DEPT, in which the CO 2 − anion adduct is a key reaction intermediate, formed after the cobalt center of the complex is reduced to Co(I). Such a mechanism has been also proposed to occur in other homogeneous catalysts based on metal−N macrocyclic complexes. 38, 39 In order to confirm the role of a proton-decoupled electrontransfer mechanism on Fe−N−C, we have evaluated the CO formation rate as a function of pH on the RHE scale 40 ( Figure  4) . Indeed, the shape of the curve resembles that expected for a DEPT reduction, in which an electron transfer is followed by an irreversible protonation step. We observe an enhancement of the CO formation rate with pH as the electron-transfer step is actually probed at higher overpotentials, favoring the CO 2 reduction.
On the basis of this analysis, we propose that the heterogeneously catalytic reduction of CO 2 to CO on solid Fe−N−C occurs via a DEPT forming the (Fe−N−C)−CO 2 − intermediate analogous to a previously proposed mechanism on Co−N complexes. 19, 36, 37 This observation suggests the active site in our solid carbon catalyst indeed behaves as their catalytic analog, metal−N macrocyclic complexes, which is consistent with the presence of embedded "molecular" motifs in our solid carbon catalysts. These active sites can help stabilize the (Fe− N−C)−CO 2 − intermediate. In addition, the ions in solution could be playing an important role in the stabilization of such an intermediate. At a constant potential on the NHE scale, the driving force for the K + ions to enter the double layer can be assumed to be constant. We hypothesize that the presence of K + helps stabilize the CO 2 * − intermediate, facilitating the CO 2 RR. 41, 42 The (Fe−N−C)−CO 2 − intermediate can then be protonated to form *COOH, which then is reduced to CO (Scheme 1). This mechanism, however, can also be affected by the working pH. For instance, a recent study by Gottle and Koper used DFT simulations to investigate the competition between the concerted and sequential pathways for proton− electron transfers. They found that the formation of the *COOH adduct is unlikely to take place at pH values higher than its pK a , and consequently the reaction is more likely to occur via CPET to form *COOH − , which can be protonated to from CO and water. 43 All this shows that pH not only is crucial in determining the reaction selectivity but also can affect the reaction mechanism.
While decoupled proton−electron pathways are common on homogeneous and complex-based catalysts, which can easily stabilize charged intermediates, they are rare on heterogeneous catalysts. Nevertheless, in recent years there have been reports of DEPT mechanisms on metal catalyst for different electrochemical reactions. 44−46 In the case of the CO 2 RR, different authors have proposed that the CO 2 is reduced to COOH via a coupled proton−electron transfer on metal catalysts. 35, 47 In a recent study, however, it was shown that the reduction of CO 2 on gold also goes through the formation of a CO 2 − intermediate. 48 In order to determine if DEPT mechanisms are common on heterogeneous CO 2 RR catalysts, further experimental and theoretical studies are needed. In this scenario the work presented here shows an experimental approach to investigate the role of the protons in electrochemical reactions to determine if DEPT is involved in the ratelimiting step.
In conclusion, this study highlights the key role of the bulk electrolyte on the selectivity of the CO 2 RR. We have analyzed the pH dependence of product formation in detail and have drawn mechanistic conclusions as to the nature of the ratedetermining steps. Our analysis supports the analogy in the catalytic behavior of a porphyrin-inspired active site in "homogeneously" catalyzed and "heterogeneously" catalyzed bonding environments.
More specifically, we have shown that using doped carbon catalysts, such as Fe−N−C, the CO/H 2 product ratio during the electroreduction of CO 2 can be conveniently tuned by the pH of the electrolyte. This is because the formation of H 2 is strongly dependent on pH on the NHE scale, while the CO formation is independent. As a result, high selectivities toward CO are achieved at high local pH values at which the HER is suppressed. In addition, we observe that the CO formation rate as a function of pH is consistent with a proton-decoupled electron-transfer pathway, in which the reduction of CO 2 to CO occurs via a CO 2 − intermediate, which can be stabilized by the embedded "molecular" FeN x motifs on the solid-state carbon catalysts. Finally, we observe an enhanced production rate toward methane at low pH, suggesting that a high concentration of protons favors the CO protonation, which has been suggested as the rate-limiting step. The faradaic efficiency toward CH 4 , however, remains low given that low pH also enhances the HER. Finally, in comparing our mechanistic conclusions with those gathered during CO 2 electroreduction on molecular Fe−N x catalysts, we have uncovered an important unifying mechanistic principle between homogenous and heterogeneous electrocatalysis.
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